, is present at concentrations of ϳ53 mM. Marine teleosts maintain plasma Mg 2ϩ concentration at 1-2 mM by excreting Mg 2ϩ into the urine. Urine Mg 2ϩ concentrations of SW teleosts exceed 70 mM, most of which is secreted by the renal tubular epithelial cells. However, molecular mechanisms of the Mg 2ϩ secretion have yet to be clarified. To identify transporters involved in Mg 2ϩ secretion, we analyzed the expression of fish homologs of the Slc41 Mg 2ϩ transporter family in various tissues of SW pufferfish torafugu (Takifugu rubripes) and its closely related euryhaline species mefugu (Takifugu obscurus). Takifugu genome contained five members of Slc41 genes, and only Slc41a1 was highly expressed in the kidney. Renal expression of Slc41a1 was markedly elevated when mefugu were transferred from fresh water (FW) to SW. In situ hybridization analysis and immunohistochemistry at the light and electron microscopic levels revealed that Slc41a1 is localized to vacuoles in the apical cytoplasm of the proximal tubules. These results suggest that pufferfish Slc41a1 is a Mg 2ϩ transporter involved in renal tubular transepithelial Mg 2ϩ secretion by mediating Mg 2ϩ transport from the cytosol to the vacuolar lumen, and support the hypothesis that Mg 2ϩ secretion is mediated by exocytosis of Mg 2ϩ -rich vacuoles to the lumen. magnesium transporter; proximal tubule; renal secretion; seawater fish; gene expression SEAWATER (SW) CONTAINS ϳ53 mM Mg 2ϩ , 27 mM SO 4 2Ϫ , 10 mM Ca 2ϩ , and 10 mM K ϩ , as well as ϳ450 mM NaCl, Mg 2ϩ being the second most abundant cation. In the hyperosmotic environment of the sea (ϳ1,000 mOsm/kg), marine teleosts maintain a plasma osmotic pressure of ϳ370 mOsm/kg (38) . To balance passive water loss and salt gain across the gills and skin, marine teleosts drink seawater (SW), absorb water, and eliminate salts. Divalent ions (Mg 2ϩ , SO 4 2Ϫ , Ca 2ϩ ) are excreted by the kidney in a low volume of urine (4, 26, 49) , and monovalent ions Na ϩ , Cl Ϫ , and K ϩ are excreted from ionocytes (chloride cell, mitochondrion-rich cell) in the gills (12) .
In marine teleosts, plasma Mg 2ϩ concentration is at a level similar to that of freshwater (FW) fish and is maintained between 1 and 2 mM (5, 9) . The difference in Mg 2ϩ concentration between plasma and environmental SW is 30 -50-fold.
Thus, marine teleosts are at the risk of exposure to excess Mg 2ϩ , which enters via integuments in the gills and intestine. In the intestine, much of the ingested Mg 2ϩ and Ca 2ϩ are precipitated as carbonates that are rectally excreted (36, 57) , while a small part of Mg 2ϩ is absorbed by the intestinal mucosa (7, 8, 25) . Bladder urine Mg 2ϩ concentration of marine teleosts is 57-167 mM (4, 26, 49) , and urine/plasma ratios for Mg 2ϩ can exceed 100. In glomerular or aglomerular marine teleost, renal tubular fluid secretion accounts for much or all initial urine production, respectively, and the renal proximal tubule is the major site of active fluid secretion (4, 5) . Analyses of the fluid secreted in the isolated proximal tubule demonstrated that the fluid contains ϳ22 mM Mg 2ϩ (3, 6) , and the exceedingly high Mg 2ϩ concentration in the bladder urine is accomplished by volume reduction of the initial urine in the distal nephron and urinary bladder (4 -5) . Ion microscopy imaging studies on intracellular distribution of the exogenously injected stable isotope 26 Mg observed punctate distribution of injected 26 Mg in the proximal tubular cells of SW-acclimated killifish (10) . These results indicate that Mg 2ϩ is secreted by a transcellular pathway, and Mg 2ϩ -rich intracellular vesicles mediate the Mg 2ϩ secretion. Basolateral uptake of Mg 2ϩ from peritubular fluid is considered to be energetically downhill because of the negative membrane potential of the cell, but extrusion from the cytoplasm into the lumen is uphill against concentration and voltage (4, 5). However, little is known about which proteins are involved in renal Mg 2ϩ excretion by SW fish.
Genetic analyses of bacterial strains of Salmonella typhimurium and Escherichia coli, which require high Mg 2ϩ (10 -100 mM) for growth, identified CorA, MgtA, MgtB, and MgtE as Mg 2ϩ transport systems (27, 50, 51) . Genetic analyses of the same group of Salmonella typhimurium strains that are resistant to Co 2ϩ identified CorB, CorC, and CorD as Mg 2ϩ /Co 2ϩ transport systems (14) . In bacteria, CorA is the dominant transporter mediating as much as 99% of the total Mg 2ϩ accumulated (27, 51) . The yeast and mammalian homolog of bacterial CorA were identified as Mrs2p and MRS2, respectively, and were characterized as the inner mitochondrial membrane Mg 2ϩ channels (35, 47) . Mammalian homologs of MgtE consist of three proteins (solute carrier Slc41a1-3) and were characterized as plasma-membrane Mg 2ϩ transporters (19, 20, 33, 34, 45, 46) . CorC homologs in mammals were identified as ACDP (ancient conserved domain protein) or CNNM (cyclin M) 1-4 (18, 52 (21) , and HIP14 (Huntingtin-interacting protein) (17) as transcripts whose expression levels are upregulated under a low Mg 2ϩ medium. To identify candidate transporters that mediate Mg 2ϩ secretion in the renal proximal tubules, two very closely related Takifugu species, the seawater tiger puffer (Takifugu rubripes; torafugu) and the euryhaline river puffer (Takifugu obscures; mefugu), were used (29 -31) . The genome sequence of torafugu is available (2) and enabled us to identify homologs of ion transporters exhaustively by genome database mining. The nucleotide sequences of mefugu genes are 99% identical to those of torafugu (31, 58) . Tissue distribution analyses of SW torafugu, SW mefugu, and FW mefugu enabled us to identify genes that are highly expressed in the kidney of SW-acclimated animals as candidate genes responsible for SW acclimation. As the first study of renal Mg 2ϩ transporters in marine teleosts, we report on the Slc41 family of pufferfishes because one of the family members, Slc41a1, was found to be highly expressed in the renal tubules of the pufferfish kidney by the expression analyses in the present study. Moreover, a recent study by others has shown that human Slc41A1 is a Na ϩ /Mg 2ϩ exchanger involved in Mg 2ϩ efflux system of the cell (34) . In this study, we identify Slc41a1 as a renal Mg 2ϩ transporter that is localized to vacuoles in the apical cytoplasm of the proximal tubules and propose Slc41a1 as a candidate that mediates Mg 2ϩ transport from the cytosol to the lumen, which is exocytosed into the urine of marine teleost.
MATERIALS AND METHODS
Experimental animals. The animal protocols and procedures were approved by the Institutional Animal Care and Use Committee of the Tokyo Institute of Technology and conform to the American Physiological Society's Guiding Principles in the Care and Use of Laboratory Animals (1) . Mefugu (T. obscurus) were purchased from a local dealer and held in 150-liter indoor tanks containing brackish water (3-14% diluted seawater) until use. For freshwater samples, mefugu were transferred to 150-liter freshwater tanks and held for 7-9 days before sample collection. For seawater samples, mefugu in freshwater tanks were transferred to 150-liter seawater tanks and acclimated for 7-9 days. Torafugu (T. rubripes) were purchased from a local dealer and held in 150-liter indoor tanks containing seawater until use. The water temperature was maintained at 18 -22°C. The fish were fed daily with commercial fish pellets. Artificial seawater (Rohto-Marine) was obtained from Rei-Sea (Tokyo, Japan). The experimental animals were anesthetized by immersion in 0.1% ethyl m-aminobenzoate (MS-222; tricaine) before being killed. After decapitation, the tissues were dissected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until use.
Quantitative determination of serum and urine magnesium concentration. Sera magnesium concentrations of mefugu were determined by the xylysine blue method, as described previously (31) . Bladder urine was collected from SW and FW mefugu. Urine (50 l) was transferred to 8-ml Teflon tubes (Nalgene, Tokyo, Japan), and 1 ml of concentrated nitric acid was added. Samples were digested at 90°C for 30 min then 120°C for 3 h, and left to complete dryness at 90°C. The residues were dissolved in 0.08 M nitric acid containing 5 g/ml Be. Concentrations of magnesium in bladder urine of SW mefugu and torafugu were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES; model ICPS-8100; Shimazu, Kyoto, Japan) with Be as an internal standard. Concentrations of magnesium in bladder urine of FW mefugu were measured by inductively coupled plasma mass spectrometry (ICP-MS, model ELAN DRC-e; Perkin Elmer, Waltham, MA) with Be as an internal standard. Differences among mean magnesium concentrations were assessed by ANOVA, and the 0.05 level of significance was established by the Tukey-Kramer post hoc test using GraphPad Prism software (GraphPad, San Diego, CA).
RNA isolation and molecular cloning. Total RNA was isolated from various tissues by acidic guanidinium thiocyanate-phenol-chloroform extraction with Isogen (Nippon Gene, Tokyo, Japan), as previously described (29, 36, 41) . Tissues were homogenized in Isogen (1 g of tissue per 10 ml of Isogen) with a Polytron tissue homogenizer, followed by guanidinium thiocyanate-phenol-chloroform extraction, isopropanol precipitation, and 70% (vol/vol) ethanol washing of precipitated RNA. The RNA was dissolved in diethyl pyrocarbonate-treated water, and its concentration was measured spectrophotometrically at 260 nm.
Genes encoding torafugu Slc41s were identified by mining a torafugu genomic database (http://genome.jgi-psf.org/Takru4/Takru4.home.html). Partial and full-length cDNAs of torafugu and mefugu Slc41s were obtained by RT-PCR using primers designed and based on the genomic database (Table 1) , and the products were sequenced using BigDye Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA).
Phylogenetic analysis. Genes encoding Slc41s of other species were identified by mining Ensembl gene predictions (http://www.ensembl.org/ index.html). The phylogenic relationship between the amino acid sequences of the fish and mammalian Slc41s was analyzed using ClustalW software (55) . A phylogenetic tree was constructed using MEGA software based on the maximum likelihood method with 200 bootstrap replicates (53) .
Semiquantitative RT-PCR. First-strand complementary DNA was synthesized by reverse transcribing 5 g total RNA using an oligo(dT) primer and the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA), and then diluted eight times with nuclease-free water. The cDNA (1 l of the SuperScript III reaction) was used as the template for PCR with the specific set of primers of each gene (Table 1) . These primers anneal to cDNAs encoding mefugu and torafugu Slc41s. Each reaction consisted of 1 l of cDNA, 1.5 M of each primer, 12.5 l of GoTaq Green Master Mix (2ϫ; Promega, Madison, WI) and nuclease-free water in a final volume of 25 l. The PCR reaction conditions were as follows: 27 or 32 cycles of initial denaturation (94°C, 2 min), denaturation (94°C, 15 s), annealing (55°C, 30 s), extension (72°C, 1 min), and a final extension (72°C, 10 min). After PCR amplification, 5 l of each reaction mixture was run on a 1.5% agarose gel in Tris·HCl/acetic acid/EDTA buffer. The gel was stained with 0.5 g/ml ethidium bromide, and the fluorescence image was analyzed with an Image Station 2000R system (Eastman Kodak, Rochester, NY).
Quantitative real-time PCR. For the quantification of mRNA levels by real-time PCR, total RNAs were extracted from the kidney of mefugu acclimated to seawater and freshwater (n ϭ 5 for each group). RNA (5 g) was used as a template for the reverse transcription using oligo(dT) primer and the SuperScript III first-strand synthesis system (Invitrogen). After reverse transcription, the cDNAs were amplified by Slc41a1 and GAPDH primers. Reference gene GAPDH sequence was identified by mining the torafugu genome database (http:// genome.jgi-psf.org/Takru4/Takru4.home.html) and Slc41a1 primers obtained from the mefugu sequence. Reactions were performed with the SYBR Green method using SYBR Premix Ex Taq II Kit (Takara Bio, Otsu, Japan) on a Thermal Cycler Dice real-time system (Takara Bio). The optimized 25 l PCR mixture contained SYBR Premix Ex Taq II (12.5 l), 900 nM forward and reverse primers (Table 1) , and template DNA (1 l), and the reactions performed in a 96-well plate (Applied Biosystems). Thermal cycling conditions included predena-turation for 5 min at 95°C, followed by 40 cycles of 15 s denaturation at 95°C, annealing at 57°C for 30 s, and final extension at 95°C for 30 s. Melt curve analysis was implemented on SYBR Green real-time PCR assays to verify specificity by ramping the temperature from 65°C to 95°C at a rate of 0.1°C/s. For each assay, the threshold cycle (C t) value, defined as the PCR cycle at which the fluorescence signal increases above the background threshold, was determined to quantify each mRNA product. The reference gene, GAPDH mRNA was stably expressed and mRNA concentrations of Slc41a1 were normalized to GAPDH levels. Experiments were performed in duplicate. Data are expressed as means Ϯ SE, and statistically analyzed by Student's t-test.
Antibody production and specificity. Polyclonal antisera were made in rabbits that had been immunized with BSA-conjugated synthetic peptides corresponding to parts of torafugu/mefugu Slc41a1 (amino acid residues 92-106, CRANAKGQREEDALL; amino acid residues 417-431, NGVPMGDPNPTSRKC). Antibody specificity was established by staining COS7 cells exogenously expressing mefugu (mf)Slc41a1. For expression in mammalian cells, full-length cDNA of mfSlc41a1 was subcloned into the KpnI and XhoI site of pcDNA3.1 vector (Invitrogen). COS7 cells were transfected with plasmids encoding mfSlc41a1 or an empty vector (mock transfection) using Lipofectamine LTX (Invitrogen), as described previously (29, 37) . For immunofluorescence experiments, at 36 h after transfection, the cells were fixed and stained with anti-mfSlc41a1 or preimmune serum (1:1,000) for 1 h at room temperature, as described previously (29, 37) . Cells were then treated with Alexa Fluor 488-labeled secondary antibody (1:2,000; Invitrogen) and Hoechst 33342 (100 ng/ml; Invitrogen) for 1 h at room temperature. Fluorescence images were acquired with a laser confocal microscope (model TCS-SPE; Leica, Wetzlar, Germany) by using a fixed setting and processed with LAS AF software (Leica).
Western blotting of the membrane fractions from mfSlc41a1-overexpressing or mock transfected COS7 cells was performed, as described previously (29, 40) . The membrane proteins (1 g) were separated by SDS-PAGE using 10% polyacrylamide gel and electroblotted onto a PVDF membrane. The PVDF membrane was probed with anti-mfSlc41a1 or preimmune serum at 1:1,000 dilution for 12 h at 4°C. Bound antibodies were detected using peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) and chemiluminescent substrate solution (Immobilon Western, Millipore, Billerica, MA) and the signals were captured using Image Station 2000R.
In situ hybridization. Kidney from SW mefugu was perfused and fixed with 10% buffered neutral formalin (Muto Pure Chemicals, Tokyo, Japan), harvested, embedded in paraffin, and sectioned (4 m). cDNA of mfSlc41a1 (129 -609 nucleotides, 481 bp) was used as the template to prepare digoxigenin (DIG)-labeled riboprobes. A DIG RNA-labeling mix (Roche Diagnostics, Mannheim, Germany) was used to synthesize DIG-labeled sense and antisense probes. Alkaline phosphatase-conjugated anti-DIG antibodies, nitro blue tetrazolium chloride, and 5-bromo-4-chloro-3-indolyl phosphate substrates were used to visualize the signal; the sample was then counterstained with Kernechtrot (Muto Pure Chemicals, Tokyo, Japan). Serial sections were stained with hematoxylin and eosin or anti-Na ϩ /K ϩ -ATPase antibodies, as previously described (32) . Images were acquired using TOCO automatic virtual slide system (Claro, Hirosaki, Japan).
Immunohistochemistry. Immunohistochemical analyses of frozen sections (6 m) of SW mefugu kidney were performed, as described previously (29) . The sections were reacted with anti-mfSlc41a1 or . The fluorescence images were obtained as described above. Immunohistochemistry staining was also performed using the avidin-biotin-peroxidase complex (ABC) technique, as described previously (40) using antimfSlc41a1 or preimmune serum (1:10,000). The bound peroxidase was demonstrated using 3, 3'-diaminobenzidine (DAB). Transmission electron microscopy. Kidney from SW mefugu was perfused, fixed with 2% (wt/vol) paraformaldehyde, and postfixed with 0.5% glutaraldehyde. The kidney sections were treated with anti-mfSlc41a1 or preimmune serum (1:10,000), and the specific signals were visualized using an ABC kit (Vector Laboratories, Burlingame, CA) and DAB staining. After washing, the sections were incubated in 1% OsO 4, washed, dehydrated in an ethanol series, and flat-embedded in epoxy resin. Ultrathin sections were cut and examined with an electron microscope (model H-7500; Hitachi, Tokyo, Japan).
Expression of Slc41a1 in Xenopus oocytes and immunohistochemistry.
The entire coding region of mfSlc41a1 cDNA was inserted into the pGEMHE Xenopus laevis expression vector. The plasmid was linearized with NotI, and cRNAs were transcribed in vitro using the T7 mMessage mMachine kit (Ambion, Austin, TX). X. laevis oocytes were dissociated with collagenase and injected with 50 nl of water or a solution containing cRNA at 0.5 g/l (25 ng/oocyte), as previously described (44) . Oocytes were incubated at 16°C in OR3 medium, and studied 3 or 4 days after injection. Frozen sections (6 m) of oocytes were prepared and incubated with anti-mfSlc41a1 or preimmune serum (1:1,000), as described previously (29, 37) , and the bound antibody was detected with Alexa Fluor 488-labeled secondary antibody. Fluorescence images were obtained as described above.
RESULTS

Determination of magnesium in urine and serum of mefugu and torafugu.
Bladder urine and serum magnesium concentrations from SW torafugu, SW mefugu, and FW mefugu were shown in Table 2 . Bladder urine magnesium concentrations of SW pufferfish were 94 -140 Mm, while that of FW mefugu was ϳ4 mM. Serum magnesium concentrations of SW torafugu, SW mefugu, and FW mefugu were as low as 1-2 mM.
Identification of pufferfish Slc41 family members and phylogenetic analysis. A phylogenetic tree was constructed to
analyze the relationship between the torafugu Slc41 genes and related genes from other organisms (Fig. 1) . In the torafugu genome, one Slc41a1 gene, two Slc41a2 genes, and two Slc41a3 genes were identified. Paralogs for Slc41a2 and Slc41a3 were also identified in the genome databases of Tetraodon nigroviridis (data not shown), Gasterosteus aculeatus (stickleback) (data not shown), and Oryzias latipes (medaka) (Fig. 1) , but not in those of mammals, Gallus gallus and Xenopus tropicalis (data not shown), suggesting that those paralogs had been generated by fish-specific, whole-genome duplication or gene duplication. Zebrafish genome database had paralogs for Slc41a2 but not for Slc41a3, suggesting that zebrafish lacked Slc41a3b after the speciation.
Full-length cDNA for torafugu Slc41s were isolated by RT-PCR from the kidney (Slc41a1, Slc41a2b), gill (Slc41a2a), skeletal muscle (Slc41a3a), and heart (Slc41a3b) (DDBJ/GenBank/ EMBL accession numbers: AB700621-AB700625). Multiple sequence alignments of torafugu and human Slc41s are shown in Fig. 2 . We also isolated full-length or partial cDNAs for mefugu Slc41s and determined the sequences (DDBJ/GenBank/EMBL numbers: AB700626-AB700630). Eleven transmembrane domains are conserved among Slc41s (overlines in Fig. 2 ). In the cytoplasmic regions of all Slc41s, there were sequences that match the consensus sequence for the PKC phosphorylation site [-S/T-X-R/K-, where X is any amino acid (42)] (red filled boxes in Fig. 2 ). The consensus sequences for PKA [-R/K-R/K-X-S/T-, where X is any amino acid (54)] were observed in the cytoplasmic region of fugu Slc41a3a only (blue-filled boxes in Fig. 2 ). Amino-terminal cytoplasmic regions were not well conserved among the family members except for a 40-amino-acid residue region of Slc41a1 (open green boxes in Fig. 2 ). PX 6 GN and P(D/A)X 4 PX 6 D motifs (56) were conserved among all fugu Slc41 members (green filled boxes in Fig. 2) .
Tissue distribution of pufferfish Slc41s and selection of renal magnesium transporter. Tissue distribution of torafugu Slc41s was analyzed by semiquantitative RT-PCR (Fig. 3) . The primers were designed to anneal to Slc41 cDNAs of both mefugu and torafugu (Table 1 ). In the torafugu kidney, only Slc41a1 was highly expressed (Fig. 3A, left, 27 cycles) . Slc41a3a and Slc41a3b were highly expressed in the skeletal muscle and heart, respectively (Fig. 3A, left) . Slc41a1, Slc41a2a, and Slc41a3a were ubiquitously expressed at low levels (Fig. 3A, right, 32 cycles) .
To compare the expression of Slc41s in fish acclimated in SW and FW, we analyzed tissue distribution of Slc41s of SWand FW-acclimated mefugu (Fig. 3B) . Tissue distribution patterns of Slc41s were essentially similar between torafugu and mefugu, and high-level expression of Slc41a1 was also observed in the kidney of mefugu (Fig. 3B, left, 27 cycles) . Quantitative real-time PCR analysis demonstrated that renal expression of Slc41a1 in SW mefugu was 3.6 times higher than those detected in FW mefugu (P Ͻ 0.05; n ϭ 5) (Fig. 3C ), making it a good candidate transporter that mediates Mg 2ϩ secretion in the renal tubule.
Expression of Slc41a1 in the proximal tubule. In situ hybridization was performed to determine the localization of Slc41a1 in the kidney of SW mefugu. A DIG-labeled antisense cRNA probe for mfSlc41a1 produced strong signals in the renal tubule, and no hybridization was observed with the sense probe (Fig. 4) .
Expression of Slc41a1 in the second segment of the proximal tubule was confirmed by staining serial sections with hematoxylin or anti-Na ϩ /K ϩ -ATPase antibody. Proximal tubules were characterized by the presence of a brush border and shallow basolateral infoldings that are labeled by anti-Na ϩ / K ϩ -ATPase antibody. The proximal tubule consisted of two segments based on their Na ϩ /K ϩ -ATPase content (32): segment I (PI) that was weakly stained with anti-Na ϩ /K ϩ -ATPase antibody and segment II (PII) that was strongly positive for anti-Na ϩ /K ϩ -ATPase antibody. Distal tubule and collecting duct were identified by the lack of a brush border at the apical membrane and deeply invaginated basal infoldings that express 
Na
ϩ /K ϩ -ATPase at high levels (32) . Expression of Slc41a1 was observed in PII but not the glomeruli, PI, distal tubule, and collecting duct.
Immunofluorescence of Slc41a1 expressed in COS7 cells and Xenopus oocytes. Antisera of Slc41a1 were prepared by immunizing rabbits with synthetic peptides of mfSlc41a1. Immunocytochemical analyses showed that anti-mfSlc41a1 antiserum strongly stained COS7 cells expressing mfSlc41a1 (Fig. 5A) . No signal was detected with preimmune serum in COS7 cells expressing mfSlc41a1, and mock-transfected COS7 cells were not stained with the antiserum (Fig. 5A) . Bands of ϳ60 kDa were detected by Western blot analysis using anti-mfSlc41a1 antiserum in the membrane preparation of COS7 cells expressing mfSlc41a1 but not in that of mock-transfected COS7 cells (Fig. 5B) . The antibody also labeled Xenopus oocytes injected with cRNA for mfScl41a1, but not water-injected oocytes (Fig.  5C ). These results indicated that anti-mfSlc41a1 antiserum specifically recognizes mfSlc41a1. In both COS7 cells and Xenopus oocytes, the major part of exogenously expressed mfSlc41a1 is localized intracellularly (Fig. 5, A and C) .
Vacuolar localization of Slc41a1 in the apical cytoplasm of the proximal tubule. To determine the subcellular localization of Slc41a1, immunohistochemical analyses were performed on frozen sections of the SW mefugu kidney using the antimfSlc41a1 antiserum. Slc41a1 was detected near the apical membrane of the proximal tubules (Fig. 6, A and B) . The proximal tubules were identified by staining the apical brush borders with F-actin marker phalloidin-TRITC (32) . No signals were observed in the negative controls stained with preimmune serum (Fig. 6, A and B) or antigen-absorbed antiserum (data not shown).
A highly magnified image of the proximal tubule showed that Slc41a1 is localized to intracellular vesicles (right panels of Fig. 6, A and B) . Immunoelectron microscopy indicated that the Slc41a1 immunosignals are associated with intracellular vacuoles in the apical cytoplasm but not with the brush-border membrane (Fig. 6C) .
DISCUSSION
Since the initial findings that urine of SW fish contains ϳ150 mM Mg 2ϩ in the 1930s (28) and the proximal tubular cells secrete fluids rich in Mg 2ϩ (3), the molecular mechanism whereby Mg 2ϩ is secreted by renal tubular epithelial cells has not been clarified. The present study is the first report describing the identification of an Mg 2ϩ transporter that is likely to be involved in renal Mg 2ϩ excretion by a marine teleost. As reported for other SW fishes, torafugu and mefugu in SW concentrated Mg 2ϩ into the urine, confirming that torafugu and mefugu have a system, whereby Mg 2ϩ is secreted into the kidney as do other marine teleosts. Taking advantage of the Takifugu species, whose genome sequence is known, we identified homologous genes of Slc41 Mg 2ϩ transporters in the fugu genome database and selected genes that are expressed in the renal tubule at high levels by RT-PCR and in situ hybridization. We found that Slc41a1 is highly expressed in the proximal tubules, and the expression is upregulated when mefugu is transferred from FW to SW when Mg 2ϩ excretion is essential for survival. As the proximal tubule is the site of transcellular secretion of Mg 2ϩ , Slc41a1 is expected to be involved in the transcellular Mg 2ϩ secretion by the proximal tubules.
Since most of the mfSlc41a1 expressed in culture cells and Xenopus oocytes were intracellularly localized, further study is required to analyze the activity of mfSlc41a1. Slc41 families are homologs of the bacterial MgtE Mg 2ϩ channel that is involved in Mg 2ϩ uptake of bacterium. The cytosolic domain of MgtE acts as a Mg 2ϩ sensor that changes the "opened form" to the "closed form" when intracellular Mg 2ϩ is elevated (23), but vertebrate Slc41s lack the sensor domain. Mouse distal convoluted tubule cells cultured in low-magnesium media and the kidney and heart of mice maintained on low-magnesium diets were found to have elevated Slc41a1 expressions (56 ] and increase extracellular Na ϩ -dependent Mg 2ϩ efflux activity and proposed that Slc41a1 is a plasma membrane electroneutral Na ϩ /Mg 2ϩ exchanger mediating cellular Mg 2ϩ efflux (34) . Although the activity of mfSlc41a1 has not been clarified yet, it is highly likely that mfSlc41a1 also has Na ϩ /Mg 2ϩ exchanger activity, which is advantageous to excrete Mg 2ϩ . In the proximal tubules of SW-acclimated mefugu, Slc41a1 was localized to the vacuoles in the apical cytoplasm. Vacuoles rich in Mg 2ϩ were found in the proximal tubules of SW-acclimated killifish (Fundulus heteroclitu) (10) and shark (Scyliorhinus caniculus) (24) . In shark, small apical vacuoles contained Mg 2ϩ at an equivalent concentration of 229 mmol/kg water (24) . Peritubular uptake of the radioisotope 28 Mg by renal tubules isolated from winter flounder (Pseudopleuronectes americanus) was stimulated by cytochalasin B, which inhibits actin filament assembly and modulates vesicular trafficking (43) . These findings are evidence of vesicular trafficking-mediated Mg 2ϩ secretion that was initially proposed by Hickman and Trump based on ultrastructural evidence of marine teleost nephrons (26) . Vacuolar localization of Slc41a1 strongly suggests that Slc41a1 mediates vacuolar accumulation of Mg 2ϩ , i.e., transporting Mg 2ϩ from the cytosol to the vacuolar lumen, which is later exocytosed into the urine. In contrast, brush border membrane vesicles of the proximal tubules of fresh water rainbow trout (Oncorhynchus mykiss) and winter flounder indicated an electrical gradient-driven Mg 2ϩ transport (13, 43) , which is advantageous for Mg 2ϩ absorption. Therefore, the brush border is the likely site of Mg 2ϩ reabsorption but not the major site of Mg 2ϩ secretion, and the vacuole is the major site of Mg 2ϩ -efflux activity in the proximal tubule. In mammals, TRPM7 is a Mg 2ϩ -permeable cation channel. Using a negative membrane potential as a driving force, TRPM7 absorbs extracellular Mg 2ϩ and elevates intracellular [Mg 2ϩ ] (48). In the apical membrane of renal tubular cells of mammalian kidney, TRPM7 forms a complex with TRPM6, whose mutation causes failure of renal Mg 2ϩ reabsorption resulting in hypomagnesemia (11, 48) . CNNM family members are homologs of bacterial CorC protein, which is involved in Mg 2ϩ and Co 2ϩ efflux (52) . Human mutation of CNNM2 and CNNM3 is also associated with hypomagnesemia (39, 52) . In contrast to TRPM7, CNNM2 localizes to the basolateral membrane of renal tubular cells. Although the mode of Mg 2ϩ transport by CNNM2 and CNNM3 is under debate, the basolateral membrane localization suggests that CNNM2 mediates or stimulates Mg 2ϩ efflux from the cytosol to the tissue fluid, the failure of which results in reduced renal reabsorption of Mg 2ϩ . Future comparative analyses of fish homologs of these Mg 2ϩ transporters will reveal the whole image of renal tubular Mg 2ϩ secretion by marine teleost.
Perspectives and Significance
In marine teleosts, the proximal tubule is the site of divalent ion secretion. In SW mefugu, transporters that mediate efflux of SO 4 2Ϫ (Slc26a6A; Cl Ϫ /SO 4 2Ϫ exchanger) and Ca 2ϩ (NCX2a; Na ϩ /Ca 2ϩ exchanger) are present in the brush border region of the proximal tubule (29, 30) . The vacuolar localization of Slc41a1 shown in the present study is a notable contrast to their normal localization. The reason why Mg 2ϩ is not directly secreted via the brush border should be clarified in a future study. Since Mg 2ϩ efflux system is still largely unknown in mammals, our results suggest that vacuolar Slc41a1-mediated Mg 2ϩ efflux system is also present in mammals.
